Metal hydride represents a promising candidate for hydrogen storage, because the technique is essentially safe, compact and flexible. However, the properties of the metal hydride tend to change in repeated hydriding/dehydriding cycles, which will inevitably affect the performance of corresponding hydrogen storage system. The effect is investigated in this paper by numerical simulation using a commercial package COMSOL MULTIPHYSICS 3.5a, and a typical material-LaNi 5 is chosen for discussion. Through sensitivity analysis, the influences of variation in key properties over repeated cycles on the charging time of a tank-type storage system, are evaluated and some useful conclusions are drawn.
Introduction
Hydrogen, as a clean energy with large energy density, has been paid much attention in recent years. However, its storage and transportation is one key issue to be resolved. The metal hydride is a promising method for the storage of hydrogen due to the large volume capacity, low operation cost and reversible reaction.
Generally, the hydriding/dehydriding reaction can be written as [1] :
where M is a certain metal or alloy, and the product MH x is termed metal hydride (MH). The hydriding/dehydriding reaction needs a suitable reactor, whose design and analysis is a key issue in the relevant applications. Mellouli et al. [2] developed a tank storage system with a spiral-type heat exchanger inserted in the hydride bed. The experimental results showed that the charge/discharge times of the reactor are considerably reduced when heat exchanger is used. Bhouri et al. [3] used the numerical tool to evaluate the influence of fin thickness and the number of heat exchanger tubes on the loading and discharging processes, and the results showed that an optimal number of heat exchanger tubes and bed thickness are important. On the other hand, the long term performance of hydride based storage system, which could be important for evaluating its technical and economical feasibility, has been paid little attention. To evaluate the varying performance of storage system, a numerical model was established here and a typical tank reactor with cooling tubes was chosen for discussion. The variations of many hydride properties over repeated cycles, e.g. permeability, effective thermal conductivity, are considered in the simulation, and the resulting performance variation is analyzed.
The variation of MH issue properties
In order to study the long term performance of the reactor, a certain material must be chosen to fill the reactor. Among the hydrogen storage materials, AB 5 type metal hydride material is widely used for the properties of fast kinetics, easy activation and moderate plateau pressure. LaNi 5 alloy is the typical representative of the AB 5 type metal hydride material, and its properties have been investigated by many researchers [4] [5] [6] . LaNi 5 can be used in hydrogen storage, hydrogen compressor and chemical heat pump. In these fields, the metal hydride is expected to work for up to thousands of cycles. The properties of LaNi 5 alloy, such as P-C-T equilibrium, reaction kinetics, gas permeability and thermal conductivity, change over cyclic hydriding/dehyderding process. It should be noted that such variation in key properties for LaNi 5 is also found for many other AB 5 hydride materials, thus our discussion is of some generality. It has been found that after 300 cycles, the kinetics of LaNi 4.75 Al 0.25 and LaNi 4.25 Al 0.75 alloy was deteriorated, while those of LaNi 5 and LaNi 3.8 Al 1.2 alloys was improved [7] . Cheng et al. [8] found that the hydrogen absorption kinetics of LaNi 4.25 Al 0.75 alloy degraded significantly beyond 1000 cycles. Murray et al. [9] found that for the LaNi 5 alloy the desorption rate increased as the number of cycles increased, but beyond 300 cycles the reaction times became nearly constant. The thermal conductivity of the LaNi 5 powder bed is poor (in the range of 0.1-1W/mK) and retards the heat transfer process that occurs with hydriding and dehyderding, and it will become even worse after several cycles. Hahne and Kallweit [10] , Isselhorst [11] found that the thermal conductivity varies with hydrogen concentration and pressure, while it will reduce with the hydriding/dehyderding cycles because of the pulverization of the particles. The gas permeability is one of the parameters that affect the kinetics. In some literatures [12] , the hydrogen permeability is reported to be 10 -12 m 2 , while in other literatures the hydrogen permeability is 10 -14 m 2 [13] . Cheng et al. [8] also found that the hysteresis of LaNi 4.75 Al 0.25 alloy slightly increases, i.e., the absorption plateau pressures (P a ) systematically increase, while the desorption plateau pressures (P d ) systematically decrease.
Actually, the variations of these metal hydride properties mentioned above are not independent of each other. For example, thermal conductivity, permeability, as well as reaction kinetics all change with the size of MH powders, which is expected to decrease due to pulverization. However, the correlation among these properties is very complex, and there is no proper model available now. Therefore, in this paper our work is confined to the sensitivity analysis, assuming that the other properties are invariant when discussing about the influence of cycling with regard to one property.
Mathematical model

Geometrical model
Linder [14] has set up a cylinder reactor with a capillary tube bundle heat exchanger, showing excellent heat transfer. Here we consider a similar tank-type metal hydride reactor with cooling tube bundles, which is popular in use for hydrogen storage. The physical model is shown in Fig.1 , it is a cylinder tank and cooling tubes are uniformly distributed in it. Because of its symmetrical geometry, we just choose a quarter of the reactor as the computation domain for simplicity, as shown in Fig.2 .
Model formulation
The mathematical model of the cylinder MH reactor was established based on the following assumptions [15] :
The gas phase is ideal from the thermodynamic view.
There is no temperature slip between the solid phase and the gas phase, which is also termed "local thermal equilibrium". This uniform temperature is defined as T b here. The radiative heat transfer can be neglected due to the moderate temperature range in discussion. The governing equations are described below [15] , and some parameters in equations are in Table 1 .
Mass balance equation for hydrogen can be expressed by
(2) Fig.2 A quarter of the model Fig.1 -The surface structure of the tank-type metal hydride reactor with cooling tube bundles
where the mass source term is determined by the instantaneous reaction rate, as shown below
The momentum takes the form of the classical Darcy's law
The energy equation is
Where the bulk heat capacity is calculated by the properties of all constituted phases [16] , giving (6) Reaction kinetics equations are those recommended by Jemni et al. [17] , (7) In this investigation the plateau slope and hysteresis are explicitly included in the adopted P-C-T equations [18] , Table 1 The parameters in the hydrogen absorption kinetics and P-C-T equation.
Kinetic and P-C-T parameters Values
Rate constant, k (s -1 ) 59.187
Activation energy, E a (J/mol H 2 ) 21,179
Initial and boundary conditions
The initial reacted condition for hydriding was uniform throughout the reactor. The temperature was equal to that of the inlet fluid, and the system was assumed under the P-C-T equilibrium.
The boundary conditions of MH cylinder tank reactors can be classified into three types [19] : adiabatic wall (or symmetry boundary), heat transfer wall and mass transfer boundary.
For the adiabatic wall (or symmetry boundary):
For the heat transfer wall:
For the mass transfer boundary: in g p p (11) 
Results and discussions
In this work, the charging time of the tank reactor is taken as the index to assess the performance of the hydrogen storage system. The variation of the charging time with increasing cycles was discussed with regard to the P-C-T equilibrium, reaction kinetics, gas permeability and thermal conductivity.
In this investigation, the reactor is filled with LaNi 5 alloy, and some physical properties of the material are listed in Table 2 [19] . The operation conditions (initial and boundary conditions) for absorption are given in Table 3 .
It should be noted that the given data in Table 2 are just listed as the reference parameters, and will be varied when discussing their effects on the long-term system performance. In the sensitivity investigation, when it is focused on the influence of one property, the others remain unchanged. Table 3 The operation conditions for hydrogen absorption
Operation parameter Reference values
External pressure, P ex (MPa) 0.8 [20] Initial reacted fraction, X (-) 0.1
Initial bed temperature, T b (K) 293
Convective heat transfer coefficient, h (W/(m 2 K)) 1500
Fluid inlet temperature, T f (K) 293
The effect of the gas permeability
The gas permeability is a function of the particle diameter and porosity of the MH bed, described as:
Where K is the gas permeability, d is the particle diameter and p is the porosity of the MH bed. Due to the particle pulverization and self-compact phenomenon in the process of hydriding/dehydriding cycles, the gas permeability K will decrease gradually. Therefore, this paper choose 10 -12 , 10 -13 and 10 -14 as the permeability values with increasing cycles, and the simulation results are shown in Fig. 3 . Fig. 3 The kinetics of the LaNi 5 at different permeability An identical charging time of 593s for three different permeabilities are found from Fig. 3 , showing that the changes of the gas permeability with cycles basically have little influence on the hydriding reaction rate. The discussion is also extended to varying operation conditions (external pressure changes from 0.6 to 1.2MPa, convective heat transfer coefficient changes from 1000 to 2500W/mK), and similar conclusion can be drawn. Since K is related to the mass transfer, the insensitivity of system performance to permeability suggests that in the coupling hydriding process, mass transfer is not the controlling step. According to Hahne and Kallweit [10] , during the first tens of cycles a minor decrease (from 1.0 to 0.65 W/mK at 1.0MPa) in the effective thermal conductivity was observed for the LaNi 4.7 Al 0.3 alloy, which has similar particle size decay behavior to LaNi 5 in this investigation. Therefore, in the simulation the thermal conductivity values from 1 to 0.6 W/mK are chosen. The Figs. 4-6 show the calculation results.
The effect of the thermal conductivity
The results in Fig. 4 illustrate that the deterioration of the thermal conductivity with cycles will lead to remarkable degradation of the performance of the hydrogen storage system. The reaction rate gets slower when eff decreases with hydriding/dehydriding cycles, and thus the charging time gets longer. The influence of the thermal conductivity decay on the performance of the hydrogen storage system also depends on operation parameters, such as external pressure and convective heat transfer coefficient. As shown in Fig.5 , at an external pressure of 0.6MPa, the thermal conductivity decay causes the charging time to increase by 19%. On the other hand, at an external pressure of 1.2MPa, the charging time will experience a slightly larger extension by 21% due to the same reason. Fig. 6 The charging time at different convective heat transfer coefficient within the same range of the thermal conductivity according to different cycle times Fig. 5 The charging time at different external pressure within the same range of the thermal conductivity according to different cycle times From Fig. 6 , it is found that at a heat transfer coefficient of 1000 W/m 2 K, the thermal conductivity decay results in an increase of charging time by 18%. When the convective heat transfer coefficient increases up to 2500 W/m 2 K, the charging time will be prolonged by 21% due to the decay in thermal conductivity with cycling. Therefore, it can be said when enhanced external transfer condition is provided, the negative effect of thermal conductivity decay on system performance will be more severe.
In summary, it can be concluded that the decay of thermal conductivity with cycling leads to notable deterioration in the performance of the LaNi 5 based hydrogen storage system, especially when the operation conditions allow fast reaction kinetics. Therefore, measures should be taken to increase the thermal conductivity and make it more stable with cycles, such as filling Al foam in the bed, using copper foil or making metal hydride compacts.
The effect of the P-C-T properties
Han et al. conducted an experimental study on the PCT properties of LaNi 5 alloy [21] , in which they found that the slope of the plateau region is pronounced after 932 hydriding/dehydriding cycles. In this paper data points are chosen from their report for linear fitting, finally the slope of the plateau region and the hysteresis were obtained, as shown in Table 4 . These results are used in the simulation. Figure 7 shows the hydriding reaction rate considering the slope and hysteresis change with cycling. It can be seen that the variation in reaction rate is insignificant. The charging times for a sample to absorb 90% of its maximum hydrogen capacity are 590, 592, 620 and 642s for 1, 400, 932 and 1510 cycles. Due to the increasing slope and hysteresis with cycles, the reaction driving force in Eq. (7) tends to decrease, Fig. 8 The hydrogen hydriding reaction rate of the LaNi 5 at 293K after cycles Fig. 7 The kinetics of the LaNi 5 considering the slope changes of the P-C-T plateau with cycling. resulting in the slowing down of hydriding reaction. In a word, marginal deterioration in the performance of hydrogen storage system is predicted over repeated cycles, owing to the varying P-C-T properties.
The effect of the reaction kinetics
Cheng et al. [22] found that the hydriding reaction kinetics of LaNi 5 is improved with the increase of hydriding/dehydriding cycles. Many data points are chosen from their article, and the reaction rate constant k described in equation (12) is obtained by curve fitting. When the cycle number is 2, 50 and 150, the corresponding value of k is 0.0161, 0.0191 and 0.0225, respectively.
(13)
Here the parameter k can be further expressed as (14) In this work, E a is assumed to be constant, as shown in Table 1 . From the gas pressure and bed temperature [22] , the parameter k a is calculated. The three values are 26.52, 31.46 and 37.06s -1 , corresponding to 2, 50 and 150 cycles, respectively. The simulation results using the k a values obtained above are shown in Fig. 8 . As can be found in the figure, after multiple hydriding/dehydriding cycles the hydriding reaction rate is improved. The charging times for a sample to absorb 90% of its maximum hydrogen capacity are 590, 549 and 522s for the 2, 50 and 150 cycles, respectively. Therefore, from the simulation results it can be concluded that the performance of the LaNi 5 based hydrogen storage system will be improved with the hydriding/dehydriding cycles, concerning the enhanced hydriding kinetics. .
Conclusion
The effect of the properties changes of LaNi 5 alloy with cycling on the performance of a hydrogen storage system is studied, and the following conclusions can be drawn:
The changes of the gas permeability with repeated hydriding/dehydriding cycles basically have no influence on the performance of LaNi 5 based hydrogen storage system. The decay in thermal conductivity with cycles has a big influence on the performance of the hydrogen storage system. When the external pressure and the convective heat transfer coefficient increases, the abovementioned effect gets more significant. The change of the P-C-T properties with cycling, more specifically the increasing slope and hysteresis, leads to slightly deteriorated performance of the LaNi 5 based hydrogen storage system. Due to the accelerated hydriding kinetics with the cycles, the performance of the LaNi 5 based hydrogen storage system will be improved noticeably.
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